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ABSTRACT
Distribution and Ecological Function of Pacific lamprey in the San Luis Obispo Creek Watershed
Parker Kalan

Pacific lamprey (Entosphenus tridentatus) is an endemic species to coastal watersheds along the
Pacific Rim in North America and Asia. The species' geographic distribution is retracting and has
not been mapped precisely, and the ability for the species to provide ecosystem services, such as
water filtration, for supporting watershed management has not been tested. The San Luis Obispo
Creek watershed, California, USA is at the southern end of Pacific lamprey’s retracting
distribution, and the San Luis Obispo watershed is impacted by degraded water quality, making
investigation of Pacific lamprey in the San Luis Obispo Creek watershed of direct local
conservation importance. This thesis is presented as two manuscripts formatted for submission
to scientific journals. The first manuscript features a study that estimates Pacific lamprey
presence/absence throughout the San Luis Obispo Creek watershed using Environmental DNA.
We compare our estimate to previous estimates of Pacific lamprey population distribution using
established eFishing and redd survey methods. We found our estimate of distribution based on
Environmental DNA to match the previous estimates throughout San Luis Obispo Creek, as well
as indicate a location with Pacific lamprey presence that was previously unsurveyed. In this
manuscript, we also discuss advantages and disadvantages to using Environmental DNA as a
cost-effective and non-invasive method to survey Pacific lamprey in the wild. The second
manuscript is a laboratory study focused on the larval (ammocoete) stage of Pacific lamprey. We
tested the ability for an ammocoete population to reduce the concentration of harmful bacteria in
water through filter-feeding. We found an increased decline of bacteria in experimental aquaria
treated with ammocoetes than in control tanks or tanks containing non-filter feeding Pacific
lamprey, indicating that ammocoetes can indeed significantly reduce bacterial loads in a
contained environment. The laboratory study was conducted using water from San Luis Obispo
Creek that was naturally inoculated with bacteria, generating broader applicability of the study in
suggesting that Pacific lamprey have the potential to provide a water filtration ecosystem service
in the wild for supporting high water quality watershed management objectives. These two
studies contribute to knowledge on how to efficiently survey Pacific lamprey distribution in the wild
and benefits the species may provide to ecosystems and human welfare. Collectively, they help
us better understand the status and value of this often-forsaken anadromous species.
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CHAPTER 1

EXPLORATORY ANALYSIS OF PACIFIC LAMPREY DISTRIBUTION IN SAN LUIS OBISPO CREEK
WATERSHED USING ENVIRONMENTAL DNA

1.1 Introduction

Pacific lamprey (Entosphenus tridentatus) is an anadromous species of lamprey (order
Petromyzontiformes) with a multipartite life history, of which 4-7 years occur in coastal streams and
creeks (Harris et al. 2020). The species’ historical distribution covers the N. Pacific Ocean rim from
Baja, Mexico up through southern Alaska, US and into Hokkaido, northern Japan (Ruiz-Campos
and Gonzalez-Guzman 1996; Scott and Crossman 1973).

Range reduction is a global concern for many lamprey species (Renaud 1997, 2008; Close et al.
2002). The loss and conservation of Pacific lamprey is of particular concern in the southern portion
of the species’ range in Central and Southern California, as watersheds in that geographic region
have been heavily impacted by human activities (Swift and Howard 2009). Dams alone have
blocked about 40% of the Pacific lamprey’s historical range in California (Goodman and Reid 2012;
Reid and Goodman 2016). Consequently, Pacific lamprey presence in Central and Southern
California has declined substantially relative to historical levels (Close et al. 2002; Wang and
Schaller 2015). Additionally, the distribution of the species’ juvenile, or ammocoete, stage varies
within and among watersheds in California due to stream impediments (dams, weirs) and other
habitat conditions, such as subsurface flow and sediment type (Goodman and Reid 2017). Given
the Pacific lamprey’s range retraction and conservation status in California, and the distribution of
lamprey in watersheds within the species’ remaining range, a reliable and cost-efficient method for
detecting the presence of populations is critical for obtaining updated information on the distribution
of lamprey in freshwater systems and supporting conservation of the species.
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Current methods for Pacific lamprey detection in watersheds include electrofishing (eFishing), redd
surveys, and analysis of environmental DNA (eDNA) from water samples. Pacific lamprey
distribution within coastal watersheds varies greatly due to watershed size, passage availability,
perennial water retainment, and sediment composition (Torgensen and Close 2004; Stone and
Barndt, 2004; Reid and Goodman 2016). Furthermore, timing of migration varies due to run-off
events, chemical cues, water temperatures, and diurnal signals (Robinson et al. 2009; Keefer et al.
2009; Keefer et al 2013). Also, differing life history stages are associated with habitats best suited
for that stage of life. Consequently, a complex combination of temporal, spatial, biophysical, and
ecological factors in addition to low population numbers of Pacific lamprey challenge research
efforts to detect Pacific lamprey within coastal watersheds. Due to this complexity, the current
methods for Pacific lamprey detection vary in their efficacy and efficiency for accurately assessing
the presence of Pacific lamprey across all the species’ life history stages.

Electrofishing uses electric current to stimulate or stun fish, which are then collected and counted.
It is a commonly used method to survey watersheds for fishes (Peterson et al. 2003; Kimmel and
Argent 2006; Pajos and Weise 1994). Lamprey-specific electrofishing methods are extremely
effective and can even be used to detect lamprey ammocoetes when they are burrowed within
sediment and highly cryptic (Dunham et al. 2013; Harris et al. 2020; Reid and Goodman 2015).
However, eFishing has several constraints. Specialized equipment is required; a common
electrofishing backpack system usually costs more than $5,000. Using electrofishing equipment
requires training, especially the nuanced techniques employed specifically for detecting lamprey
ammocoetes (Reid and Goodman 2016).

Electrofishing also typically requires government

permitting and may be ecologically invasive. Specialized settings (e.g. low burst-pulse, rate 3.00
pulses/sec, 25%, voltage 125-300V depending local conditions) for detecting lamprey ammocoetes
are not known to significantly impact other species. However, eFishing requires permitting from
local and sometimes national regulatory agencies, depending on the species being surveyed,
especially if endangered species, such as steelhead trout (Oncorhynchus mykiss), are present. In
summary, eFishing can be a highly effective methodology for detecting Pacific lamprey and
2

quantifying population abundance, but requires substantial monetary, logistical, and permitting
investment that may make the method overly robust for surveying watersheds with only
questionable lamprey presence.

Adult Pacific lamprey migrate up watersheds and create aquatic nests called redds in which the
female lays hundreds of thousands of eggs that are then fertilized by a male (Kan 1975). Pacific
lamprey redds are associated with specific habitat characterized by hydrologic conditions and
substrate type, namely pool tailouts with cobble or gravel suitable for deposition of spawned eggs
(Mayfield et al. 2014). Subsequently, a common method used to detect Pacific lamprey presence
involves identifying appropriate habitat and then visually identifying and quantifying redds (Mayfield
et al. 2014). Redd surveys are an effective surrogate for the presence of spawning Pacific lamprey
adults in a freshwater system. However, it can be difficult to make inferences about population size
or the distribution of lamprey in the system from redd survey data alone, as there is not a clear
statistical relationship between the number of redds identified and the local abundance or density
of Pacific lamprey adults (Brumo et al. 2009). Also, redd surveys reflect the presence of spawning
lamprey adults. If a pair of adults lacked access to a creek segment due to drought conditions or
an ephemeral passage barrier, yet the creek still contained ammocoetes (spawned previously and
still living in the creek), then data solely from redd surveys could yield a false negative about species
absence. Furthermore, specialized training is required for conducting redd surveys, and improper
training can lead to confusion of lamprey redds with salmonid redds or the misidentification of a
redd altogether (Stone 2006).

Environmental DNA (eDNA) provides data on the presence/absence of a species at a site by
detecting trace amounts of that organism’s DNA (Barnes and Turner 2016). Environmental DNA is
DNA that sloughs off an organism into the environment and can be found in soil, air, and water
(Taberlet et al. 2018). Analysis of eDNA in rivers and streams involves the collection of a sample
of water, extraction of the eDNA, and amplification with PCR to ultimately detect the DNA of target
species (Rees et al. 2014). eDNA has been used to indicate the presence/absence of Pacific
3

lamprey in several systems, including watersheds in the Puget Sound, Chehalis River, and
Wenatchee River in Washington State (Carim et al. 2017; Grote and Carim 2016; Hess et al. 2021;
Osteberg et al. 2018, 2019; Larson et al. 2020 Lamprey Technical Workgroup 2021). However, the
applicability of eDNA is limited in that it provides binary information indicating species presence or
absence. This binary information may potentially confuse the distinction between a positive
‘presence’ result and the ecologically functional presence of fish at a site (i.e., presence might be
inferred from detecting a migratory adult lamprey even though there is not a viable lamprey
population at the survey site with multiple spawning adults present). eDNA is also subject to
potential Type 1 (false positive) and Type 2 (false negative) errors. False positives can occur when
a sample is contaminated with genetic material from another sampling site or genetic material is
present from a non-authentic source such as off a boat or within predator’s feces, but the target
organism is not in fact occupying the stream (Lamprey Technical Workgroup 2021). False positives
can be avoided by following stringent sanitation protocols when moving between sampling sites.
False negatives can result from the target DNA being present at concentrations in low quantities or
the presence of inhibitors (e.g., tannins or humic acids) in the environment that can slow down or
reduce reactions associated with genetic material (Lamprey Technical Workgroup 2021). Issues
associated with false negatives can be addressed with DNA amplification, increased sampling effort
(i.e., more water filtered at sampling site) and repeat sampling.

Notwithstanding its limitations, eDNA surveys can support efforts to detect Pacific lamprey,
especially when used in combination with other sampling methods such as eFishing and redd
surveys. For example, eDNA could indicate presence of an organism like Pacific lamprey at sites
in a watershed with limited or no prior distribution information, which then could be surveyed with
eFishing to estimate population abundance. eDNA also may be valuable on its own as an
exploratory detection method in watersheds where other methods are not practical or feasible due
to the low populations in these areas.

4

This study sought to test the efficacy of eDNA methodology for detecting Pacific lamprey presence
by

comparing

the

presence/absence

results

of

eDNA

surveys

we

conducted

with

presence/absence results from previous, independent research using redd and eFishing surveys
at sites throughout a watershed. We focused on San Luis Obispo Creek, which is impacted by
decreased water quality, limited headwater access, and historical extirpation of Pacific lamprey.
San Luis Obispo Creek represents the current southern reach of the Pacific lamprey’s range in
North America (Goodman and Reid 2020). Consequently, a secondary aim of our research was to
inform conservation efforts by providing an independent estimate of the distribution of Pacific
lamprey in this impacted, range-end watershed. To this end, we also conducted eDNA surveys at
several sites at the base of tributaries where other surveys have yet to be conducted, to generate
a preliminary understanding of lamprey presence in these tributaries.

1.2 Methods

Surveys were conducted in the San Luis Obispo Creek watershed in southern San Luis Obispo
County along the central California coast. San Luis Obispo Creek originates in the Santa Lucia
mountains and flows into the Pacific Ocean at Avila Beach. The creek is approximately 18 miles
long and has six major tributary basins (Fig. 1.1): Stenner Creek, Prefumo Creek, Laguna Lake,
East Fork San Luis Obispo Creek, Davenport Creek, and See Canyon (SLO Watershed Project,
2013).

Eight sites were sampled for Pacific lamprey using eDNA (Table 1.1). These sites were chosen
based on a priori information from eFishing surveys conducted in 2019 by Reid and Goodman
(2020), redd surveys conducted in 2019 (CDFW, 2019), and local expert guidance. Three sites
were positive controls where lamprey have been detected by eFishing and/or redd surveys (Table
2, Fig. 2). Four sites were negative controls, where lamprey absence was determined with eFishing
surveys (Table 1.2, Fig. 1.2). An eighth site, Old Garden Creek, was surveyed where lamprey
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presence/absence was unknown. Photographs and mapped locations of the eDNA sampling sites
are provided in Figures 3 and 4, respectively.
We conducted eDNA surveys on August 17-19, 2019. At each survey site we pumped ~5 liters of
creek water through a 1.5µm glass microfiber filter to collect enough particulate matter from the
water column for analysis. Total time spent at each site was about 15 minutes. The filter was then
placed in a sterile bag. The bag was labeled with GPS coordinates, time, and date. This assembly
was then mailed to the National Genomics Center for Wildlife and Fish Conservation for processing.
Each eDNA sample was analyzed for the presence of Pacific lamprey eDNA in triplicate using
qPCR following methods outlined by Carim et al. (2017). The number of positive PCR replicates
out of each triplicate reaction was reported. We conservatively interpreted PCR results as follows:
a report of (0/3) is a “negative” result indicating lamprey absence at the survey site, a (3/3) is of a
“positive” result indicating lamprey presence at the site, and a (1/3) and (2/3) is an undetermined
result indicating neither absence or presence. One sample collected in San Luis Obispo Creek at
the Stagecoach sampling site showed signs of PCR inhibition and had organic matter that was
bound to the DNA, making the potential presence of Pacific lamprey DNA more difficult to detect at
that locaton. Due to turbid water the Stagecoach site had some inhibition, that sample was treated
for PCR inhibition with a Zymo inhibitor kit (Bruno et al. 2019). More information on the eDNA
processing steps can be found at <https://www.fs.usda.gov/rmrs/ngc>.
1.3 Results

Samples from all 8 survey sites were successfully analyzed and indicative of either presence (3/3
positive PCR reports) or absence (0/3 reports) of Pacific lamprey. Across those 8 sites, there were
no ambiguous results detected (1/3 or 2/3). At the three positive control sites where lamprey was
previously detected by eFishing and/or redd surveys (Mission Plaza, Santa Rosa Park, Cuesta
Park), eDNA results were positive (Table 1.2). At the four negative control sites where lamprey
absence was determined with eFishing surveys (Stagecoach, Nacimiento Bridge, See Canyon
Creek, LOVR), eDNA results were negative (Table 1.2). At Old Garden Creek, which had no
previous information on lamprey presence/absence, the eDNA result was negative (Table 1.2).
6

Overall, the eDNA results perfectly aligned with estimates of lamprey presence/absence based on
previous research, as well as indicated lamprey absence at a site that had not been surveyed
previously (Fig. 1.4).

1.4 Discussion

Obtaining updated information on the distribution of species such as Pacific lamprey is critical for
developing effective management strategies and maintaining viable habitat. The use of
environmental DNA can complement traditional survey methodologies (eFishing, redd surveys), to
validate and expand knowledge about the species’ distribution, but also detect contemporary
changes in that distribution in the face of changing environmental conditions. In the San Luis
Obispo watershed, our eDNA results corresponded to previous findings on the distribution of Pacific
lamprey as detected from eFishing and red surveys. This finding both serves to corroborate the
distribution of Pacific lamprey within the San Luis Obispo Creek watershed and provides validation
supporting eDNA as a reliable method for detecting lamprey presence/absence in watersheds more
broadly. Further, the negative eDNA result at Old Garden Creek, a site not previously surveyed,
provides new information suggesting the absence of lamprey in this tributary.

The Pacific lamprey distribution in San Luis Obispo Creek presented here appears to be a
promising example of recolonization. The species was deemed absent from their historical range
in southern California as noted in of 2016 (Reid and Goodman 2016). This is hypothesized to be a
combined effect of lack of water and inaccessibility due to a passage barrier at the MArre weir near
the ocean outlet of San Luis Creek. However, a natural recolonization occurred as documented in
(Reid and Goodman 2020) The combination of eFishing and redd survey results with the eDNA
analysis conducted here confirms that Pacific lamprey are using a large proportion of the
watershed, including the main stem and several tributaries. Results from all three survey methods
indicate that Pacific lamprey are occupying the main stem of San Luis Creek and using San Luis
Creek and Stenner Creek in the upper watershed. Furthermore, this study provides insight about
potential restoration locations in segments unoccupied by lamprey. Old Garden Creek and See
7

Canyon Creek are impacted by dewatering for agriculture and occur at urban interface; the
associated negative eDNA results at those two locations indicate opportunities for habitat
improvement projects.

As species range reduction is becoming increasingly important for managing and utilizing coastal
watersheds in central/southern California, eDNA could provide an efficient exploratory method to
detect presence/absence. Moyle (2002) states that Pacific lamprey have a “scattered or disjunct”
distribution south of San Luis Obispo County. A clear documentation of lamprey in the Santa Clara
River (ENTRIX, 1996), and some records of fish in the Santa Ana River (Swift et al., 1993), but not
a reliable record of documented presence/absence in southern California. Based on the results
validating the use of eDNA to document the presence of Pacific lamprey – eDNA methods could
be applied through southern California watersheds to gain updated into about the distribution of the
species in that region. In systems that have historical presence of Pacific lamprey, such as the
Santa Clara River, Santa Margarita River, as far south as the Tijuana River (CDFW, Bios Database,
2020) it would be beneficial to periodically use eDNA to sample for presence. If an eDNA result
indicates presence, this would provide evidence to further investigate the watershed using a suite
of available methodology to understand how Pacific lamprey more acutely are returning to and
using the historical watershed. In addition, eDNA could be used as a tool to track how far upstream
Pacific lamprey are traveling. In many management scenarios, upper watershed habitat is deemed
inhabitable or void of lamprey due to passage barriers or dewatering. In this regard, eDNA is a
quick, inexpensive way to identify how far upstream Pacific lamprey are traveling.

Analysis of eDNA does have limitations; for example, the results are binary, estimating either
presence or absence, without an indication of population abundance or the life stage of detected
individuals. Other methodologies, such as eFishing, can provide better context as to life history
stage, population densities, age structure, and habitat use of surveyed species (Pretty et al. 2003).
Also, PCR analysis of the eDNA sample requires technical molecular biology expertise and
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equipment, and, in the case of this study, using the National Genomics Center, with a lag time of
more than a week before obtaining survey results.

However, the strength of eDNA lies in its ease and quickness of sampling – each of our sites was
sampled within approximately 15 minutes (field time). Further, the laboratory technology to process
samples for a large variety of species, including Pacific lamprey is available via the National
Genomics Center for Wildlife and Fish Conservation. Thus, samples for eDNA analysis can quickly
and affordably be obtained at a site undergoing eFishing and/or redd surveys, providing a relatively
easy opportunity to generate an independent assessment for supporting a more certain conclusion
about lamprey distribution at the site. Additionally, eDNA analysis can be used to generate an initial
indication of the absence or presence of lamprey at unstudied stream sites and tributaries where
the species has not been surveyed previously. With improvements in eDNA technology and further
validation of it against known controls, eDNA could be used to confirm lamprey absence/presence
on its own with high reliability. It is thus our hope that this tool can support surveying sites, streams
and watersheds that might otherwise be overlooked due to cost or time barriers.

eDNA is a valuable tool to add to the watershed biologist’s toolbox of methodologies. While eDNA
is not meant to replace the well-established eFishing and redd survey methodologies for assessing
Pacific lamprey distributions, it can support exploratory analyses of watershed recolonization and
habitat usage. We expect the confirming results from this study to increase confidence in watershed
scientists to utilize eDNA as a survey technique to support and promote more in-depth surveys.
Ultimately, eDNA can be used as a tool to provide information to promote conservation of Pacific
lamprey, an important species in coastal watershed ecology.

9

CHAPTER 2

EFFECT OF FILTER FEEDING BY LARVAL PACIFIC LAMPREY FOR REDUCING ESCHERICHIA COLI
AND IMPROVING WATER QUALITY

2.1 Introduction

Maintaining rivers and streams with high water quality is a major goal of water resource managers,
both for meeting conservation objectives and for supporting human activities such as recreation
and fishing (Silva and Domingues 2014; USEPA 2002; Karr and Dudley 1981). Filter feeding and
detrital processing of water by aquatic organisms, such as bivalves and sponges, can play a key
role in supporting this management goal by enhancing water quality in watersheds (Cardindale
2011; Burge et al. 2016; Hooper et al. 2005). For example, filter feeding can counteract
eutrophication by reducing algal densities (Officer et. al 1982) and enhance water quality by
reducing harmful bacteria concentrations (Charles et al. 1992, Kim et al. 2017). As such, filter
feeding is an ecosystem service benefiting both ecological communities in watersheds, and human
use of watersheds for recreation and fishing.

Bivalves such as oysters and clams have been shown to provide a filter feeding ecosystem service
in watersheds (Kellog et al. 2013, Smyth et al. 2018, Nizzoli et al. 2006). However, other, often less
well studied, filter-feeding species also have the potential to provide important support for water
quality management, especially in watersheds without high densities of bivalves and other filter
feeders. One such example is the Pacific lamprey (Entosphenus tridentatus), an anadromous
species inhabiting much of the northern hemisphere of the Pacific rim (Ruiz-Campos and GonzálezGuzmán 1996). Pacific lamprey have a parasitic adult stage that lives in the open ocean for multiple
years, then migrates up coastal rivers and streams to spawn in a benthic nest, or redd (Clemens
et al. 2019; Beamish 1980). The larval, or ammocoete, stage develops from hatched eggs in the
10

redd and resides in the stream sediment, growing for up to seven years before metamorphosing
into a non-filter feeding juvenile (macropthalmia) stage that migrates downstream to the ocean.
During this extended (up to 7-year) period in the freshwater environment, ammocoetes use
specialized pharyngeal morphology to pump water over the gills, where suspended detritus is
trapped in a mucosal membrane and transported to the digestive tract (Creaser and Hann 1929,
Nikitina et al. 2009, Mallat 1981); this mechanism suggests that they may remove organic
particulate matter that contains bacteria from the freshwater environment.

Importantly, ammocoetes may provide an ecosystem service by reducing concentrations of harmful
bacteria associated with detritus, including Escherichia coli and associated fecal pathogenic
bacteria (LeChavallier and McFeters 1985, Giddings and Oblinger 2003). The latter is a leading
cause of impairment to surface water quality (Dadswell 1993; Ford and Colwell 1995; Kay et al.
2005; USEPA 2002); it presents a human health hazard if consumed or exposed to at high
concentrations (Haile et al. 1999). This bacterium enters streams from agricultural fields, sewage
overflows, direct defecation by animals and people, and surface runoff (Arnone and Walling 2007),
and increased levels of E. coli in a watershed have been shown to have adverse effects on
biodiversity and ecological health (Padney et al. 2018, Chang et al. 2014). Thus, filter-feeding
ammocoete populations may contribute to ecosystem health by reducing concentrations of these
bacteria in watersheds. While the filter feeding morphology and the mechanics of detritus capture
by ammocoetes is understood (Mallat 1981), the effect of ammocoetes on pathogenic bacterial
load in water has not been tested.

Using a controlled laboratory experiment, we tested the ability for filter-feeding ammocoetes to
reduce bacterial loads in a freshwater environment. There is a well-developed methodology for
quantifying E. coli concentration in water samples (using the IDEXX system, see Methods), and,
importantly, quantification of E. coli bacteria concentration in a water sample can be used as a
proxy for fecal coliform concentration in the water sample (LeChevallier and McFeters 1985). Thus,
in our experiment we focused on measuring E. coli bacteria concentration, which also served as
an indicator of relative fecal coliform concentration.
11

To generate applied value from our study, we sourced water for the experiment from San Luis
Obispo (SLO) Creek, an impacted watershed in central California, USA of conservation and human
health concern. The watershed supports an endangered population of anadromous rainbow trout
(National Marine Fisheries Service, 2016) (i.e., steelhead, Oncorhynchus mykiss), as well as
represents the southern range end of Pacific lamprey (Reid and Goodman 2020, Kalan et al. In
Review). SLO Creek runs through the downtown corridor of the City of San Luis Obispo, and is
also valued for human recreation, including wading and swimming. Thus, improving water quality
in SLO Creek for supporting ecosystem health and human benefits is a goal of water resource
management (Worcester 2015).

Using water from SLO Creek, and Pacific lamprey ammocoete and macropthalmia stages collected
in the wild (from a watershed within the species’ range where populations are abundant), we
exposed different densities of Pacific lamprey populations in experimental aquaria to the impacted
water and quantified changes in E. coli concentration over time to test the hypothesis that
ammocoetes can reduce pathogenic bacteria concentrations through filter feeding. We expect the
results from this study to inform water resource managers of the utility of Pacific lamprey
populations for improving water quality in impacted streams and creeks.

2.2 Methods

Pacific lamprey ammocoetes were collected July 30, 2019, from the Carmel River, in central
California, USA, approximately 9 km upstream from the river outlet to the ocean (California
Department of Fish and Wildlife, Scientific Collecting Permit 10287). Collection was done with an
APB-2 (Engineering Technical Services) backpack electrofisher designed to coax ammocoetes out
of sediment and into the water column (low burst-pulse, rate 3.00 pulses/sec, 25% duty cycle,
voltage 125-200 V), where they were hand-netted. The ammocoetes were placed in coolers with
river water, which was maintained at ~15° C using ice packs and oxygenated with aerators, then
transported immediately by vehicle to a clean laboratory at the SLO Wastewater Treatment Facility
in San Luis Obispo, CA.
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Water for the experiment was collected from San Luis Obispo Creek. The San Luis Obispo Creek
watershed is in southern San Luis Obispo County along the central California coast. The creek
originates in the Santa Lucia mountains and flows into the Pacific Ocean at Avila Beach. It is
approximately 18 miles long and has six major tributary basins (SLO Watershed Project 2019). Part
of the creek flows through an urbanized area and has substantially higher levels of E. coli and
increased levels of fecal coliform (CEDEN.org, 2021). The creek is also subject to urban run-off
and a section of the stream flows through a diversion tunnel that is home to thousands of pigeons
(Family Columbidae). Additionally, defecation by humans encamped in the city along the creek
likely contribute contaminants to the creek, including possibly fecal coliform (Baker et al. 2018).
These factors collectively contribute to degraded water quality and increased levels of fecal
pathogenic bacteria in SLO Creek, including E. coli. The Total Maximum Daily Load (TMDL) of
pollutants in the urban region of SLO Creek was found to exceed 9000 Most Probably Number
(MPN), compared with a target level safe for human contact of 200 MPN (California Regional Water
Quality Control Board).

At the clean laboratory located within San Luis Obispo Water Reclamation Facility, ammocoetes
were placed in two 475-liter holding aquaria pre-filled with unfiltered water collected from the urban
region of SLO Creek (35°14'40.1"N 120°40'47.2"W), as well as 12 cm of naturally occurring
sediment collected from the same location in SLO Creek. During this time the fish were not fed,
however, they had unfiltered creek water which maintained a viable holding aquaria. The
ammocoetes were maintained in these holding aquaria for 12 weeks prior to the start of the
experiment to allow for acclimatization to laboratory conditions. During this acclimatization period,
water was filtered and recirculated through the holding aquaria using a standard aquarium filter.

Between the time of capture and experimentation, ammocoetes that transformed into
macropthalmia were used for the macrophthalmia treatment in the experimental design (described
below).

Water for the experiment was collected from SLO Creek using sterilized, rinsed carboys on Dec 8,
2019, shortly after a rainstorm. The collection site was in downtown City of SLO at Mission Plaza
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(35°16'46.4"N 120°39'52.1"W), within the urban corridor and directly below the aforementioned
tunnel containing many pigeons (Family Columbidae). The water was transported immediately to
the laboratory and transferred to twelve 19-liter glass-walled experimental aquaria. Prior to using
the aquaria, each was sterilized, rinsed, and filled with 1.7 liters of washed play sand. Then, 13.2
liters of the freshly collected SLO Creek water was added to each aquarium.

All water used in

treatments was from the same source and collected at the same time to generate bacterial loads
that were initially constant across all treatments.

E. coli in a water sample naturally lose viability if not provided with additional nutrient inputs,
declining 100-fold in the concentration of viable bacteria in approximately 4 - 11 days (Flint 1987).
In this study, each tank was a closed system (no added nutrients), thus our a priori expectation was
that the abundance of viable E. coli would decline to near zero in all our treatments in approximately
a week. Within this period, we focused on comparing the rate of decline of viable E. coli among the
treatments.

Four treatments were evaluated, each represented by the number of individual lamprey of a
particular development state in the experimental aquarium (Table 2.1): Ammocoete low density
(‘Ammocoete’, n = 20 lamprey/aquarium), Ammocoete high density (‘Ammocoete high’’, n = 57),
Macropthalmia low density (‘Macropthalmia’, n = 20), and a control (n = 0). Individuals also were
weighed to determine total biomass of the population of lamprey in each aquarium. The control
treatment was replicated across five aquaria, the Ammocoete low density treatment was replicated
across four aquaria, and the Macropthalmia low density treatment was replicated across two
aquaria. Due to the limited number of ammocoetes available for this study, the Ammocoete high
density treatment was conducted in a single aquarium (Table 2.1).

On December 9, 2019, Pacific lamprey individuals were transferred from the two 475-liter holding
aquaria to a 19-liter sorting aquarium, then groups of individuals corresponding to each treatment
were removed haphazardly from the sorting aquarium, placed on a tray and weighed, then
transferred to their respective experimental aquarium. Transfer of lamprey was conducted using
hand nets to avoid injuring the fish. The laboratory space is below ground and windowless, so
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temperature varied minimally around ~15.5°C and natural light was negligible; fluorescent ceiling
lights were on a timer to simulate normal photoperiod (on for 16 hours, off for 8 hours). The 12
experimental aquaria were randomly assigned to positions in a 4 by 3 aquarium rack in the
laboratory.

We measured relative viable E. coli concentration in each experimental aquarium once per day,
between 8 a.m. and 9 a.m, from the start of the experiment until the concentration declined to less
than 5% that was detected at the start of the experiment in all 12 aquariums. E. coli concentration
was quantified using the IDEXX Quanti-Tray System (IDEXX). The IDEXX method is a
standardized method used by the California Water Resources Control Board and other
municipalities for quantifying viable E. coli concentration in a water sample (EPA 2021; Kinzelman
et al. 2009; Shibata et al. 2004).

IDEXX involves treating a 100mL sample of water with ColiLert Reagent and transferring the water
into a Quanti-Tray that has 24 small wells and 49 large wells. The tray is sealed and incubated at
30°C for 24 hours, allowing the reagent to bind to E. coli and fluoresce. The proportion of large and
small wells that fluoresce provides an estimate of the Most Probable Number (MPN) of colonyforming E. coli. In the case that all wells fluoresce, a dilution factor is applied, and the MPN is
calculated taking this dilution into consideration. For this experiment, each water sample analyzed
was diluted to a 1:10 ratio, because of the high concentration of bacteria. Specifically, 10 mL of
water was extracted from the middle each treatment aquarium in a sterile pipette. This sample was
treated with ColiLert™ reagent and combined with 90 mL sterile deionized water, creating a 1:10
dilution.

A one-factor repeated measures ANOVA was used to test for a significant difference among the
ammocoete, macropthalmia, and control treatments in the rate of decline in E. coli concentration
(MPN/100mL) over the experimental period. Data from the ammocoete high density treatment are
shown in the figures but were not included in the statistical analysis because the treatment was not
replicated. The factor in the statistical analysis was lamprey life stage (ammocoete, macropthalmia,
or not applicable for the control treatment), which was treated as a fixed factor in the model. Since
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E. coli concentration was quantified several times for each treatment (each day over five days), the
data were analyzed as a repeated measures model, which accounts for a correlation between
consecutive responses in a treatment over the study period (Quinn and Keogh 2002).

The data were analyzed using the Proc Mixed procedure in SAS (SAS Institute 2016), which
supports analysis of mixed models that include both fixed and random factors. It also supports the
evaluation of different variance structures to account for the repeated measures factor in the model,
including autoregressive error structures that are common in studies using repeated measures
(Littell et al. 1996). The Proc Mixed procedure provides two model fitting criteria, the Akaike
Information Criterion (AIC) and the Bayesian Information Criterion (BIC), to help in the selection of
the appropriate error structure for the data (Snipes and Taylor 2014).

The Brown-Forsythe test was applied to the untransformed E. coli concentration data, and, if no
significant difference in variance among the treatments was detected, then the untransformed E.
coli concentration data was used in all the analyses

Autoregressive, compound symmetry, unstructured, and variance component models of variance
structure were evaluated in the Proc Mixed procedure analysis, and the outputs of each were
compared based on their AIC and BIC values. Pairwise tests between each treatment combination
for each day of the experiment were conducted using the PDIFF option in the SAS Proc Mixed
procedure, which compares mean values between treatment types between repeated measures.
To account for the multiple number of tests, statistical significance was justified using a Bonferroni
correction.

2.3 Results

Pacific lamprey collection from the Carmel River resulted in the capture, retainment, and transport
of 178 ammocoetes. Individuals ranged in size from 2–16 cm in length and 0.20–4.20 g in weight.
All ammocoetes were translocated to the laboratory without any injuries or loss. During the
experiment ammocoetes exhibited active behaviors, such as burrowing and moving their mouths,
indicative of them being in good health.
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Between the time of capture and experimentation, 43 of the 178 (24%) ammocoetes transformed
into macropthalmia, developing eyes and teeth. These individuals were used for the
macrophthalmia treatment in the experimental design. None of the remaining ammocoetes
metamorphosed during the experiment.

The initial concentration of viable E. coli in the SLO Creek water in all aquaria at the start of the
experiment was 241,960 MPN/100mL. By day five of the experiment, E. coli concentration had
declined in all of the aquaria to less than 5% that measured originally, resulting in 60 measurements
(12 aquaria * 5 days) for the experiment. While viable E. coli concentration declined in all of the
aquaria over the five-day study period, there was considerable variation in response among and
within treatments over time (Figure 2.2). Reduction in MPN concentration due to the natural die-off
of E. coli was observed in all aquaria across all treatments, including the control. However,
importantly, the average rate of decline in E. coli MPN was more rapid in the aquarium with
ammocoetes, especially in the high ammocoete aquarium (Figure 2.2). For example, between the
first and second day of the experiment, the mean concentration of E. coli declined by 89% and
74.1% in the high ammocoete and ammocoete aquaria, respectively, compared with a decline of
only 8.9% and 22.4% in the macropthalmia and control aquaria, respectively.

No significant difference in variance among the treatments was detected using the Brown-Forsythe
test, thus untransformed data was used in all analyses. The unstructured variance model was
selected for the analysis based on a comparison showing that the AIC and BIC values for this
model were lower than for the other models (autoregressive, compound symmetry, and variance
component).

The one factor repeated measures ANOVA showed the interaction

of treatment and day to

significantly influence MPN (p < 0.05, Table 2). Comparisons of MPN among the treatments over
the five measurement days using the PDIFF option in the SAS Mixed procedure are presented in
Table 2.3. Statistically significant differences using the PDIFF t-test were detected on day 2
between the ammocoete treatment and both the control and macropthalmia treatments. No
differences were detected between the control and macropthalmia treatments on any of the days.
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These statistical results are reflected in Figure 3, showing an increased rate of decline in MPN over
the first few days of the experiment by the ammocoete treatments (low and high) relative to the
macropthalmia and control treatments.
2.4 Discussion
Pacific lamprey provide multiple ecosystem benefits to freshwater systems across the species’ life
stages. One benefit is the supply of marine-derived nutrients from adults that migrate upstream
from the ocean to spawn and then die, providing dense nutrient loads for freshwater
macroinvertebrates (Dunkle et al. 2020). Adult lamprey also represent prey to larger predators
(birds, bears, raccoon, etc.) and can potentially buffer predation on other species, e.g., salmonids
(Close et. al 2002). The construction of redds by adults creates microhabitat for aquatic
invertebrates (Hogg et al. 2014), and aeration of the benthos by burrowing ammocoetes supports
increased aerobic activity, which is associated with increased biodiversity of macroinvertebrates
(Boeker and Geist 2016). This study presents evidence for yet another ecosystem benefit
generated by Pacific lamprey: water quality enhancement through filtration.

The significant difference in E. coli concentration between the ammocoete treatment and
macropthalmia and control treatments indicates that the filter feeding ammocoete stage of Pacific
lamprey can consume bacteria present in the freshwater environment, and that ammocoetes more
rapidly reduce E. coli concentration in contaminated water than macropthalmia or a system with no
Pacific lamprey.

We found a significant difference between the ammocoete treatment and macropthalmia and
control treatments only on day 2 (Table 2.3). The lack of significant difference found on other days
is, we believe, for two reasons. On day 1, there was no significant difference because the
ammocoetes had yet to substantially reduce the E. coli concentration. On days 3-5, there was no
significant difference because of the natural decline in viable E. coli concentration in all of the
treatments (as expected; see Methods), which created an interaction between treatment and day
in explaining the observed E. coli concentration within an aquarium (Table 2.2). As a result, after
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day 2 the effect of the natural decline in E. coli reduced the difference in concentration between the
ammocoete treatment and other treatments enough for it to be a significant confounding factor that
limited the statistical power to differentiate between the treatments. Conducting this study with more
replicates may overcome this issue.

We found the level of reduction in E. coli concentration to correspond with ammocoete number in
aquarium. Although this result is without statistical support because there was only one ammocoete
high concentration treatment and thus it was excluded from the statistical analysis, it does suggest
that higher densities of ammocoetes contribute to greater reductions in E. coli concentration. If true,
then abundant Pacific lamprey populations in the wild have the potential to contribute significantly
to water quality enhancement in watersheds, making Pacific lamprey conservation a beneficial
component to water quality management.

The morphological feeding mechanics of larval stage lamprey species across the Order
Petromyzontiformes is highly conserved (Mallat 1980). In Mallat’s work it is reported that the size
of the particulate matter consumed by Petromyzon marinus ranged from 4-200 µm in diameter.
This was tested by pipetting the freshwater green alga Chlorella pyrenoidosa as well as pulverized
ink in front of larval lamprey and then dissecting the lamprey specimens, which revealed the ink
particles and algae within the mucosal membranes of their pharynx and additionally within their gut
(Mallat 1980). E. coli is a typical gram-negative rod bacterium that has dimensions 1-2 µm long,
with radius about 0.5 µm (National Research Council, 1999). While this is smaller than the
particulate size consumed by lamprey in Mallat’s work, E. coli cells are commonly not just free
floating in water but also attached to and clumped with suspended detritus in the water of slightly
larger size that could be consumed via filter feeding ammocoetes (Liang et al. 2017). In another
study it was shown that bacteria (including gram negative bacteria in the Family Enterobactericae)
within the gut content of ammocoetes matched that of the water column but in higher densities
(Rogers et al. 1980). These findings, plus ours, collectively suggest that lamprey species in general
can remove small particulate matter (including matter containing E. coli) via filter feeding during
their ammocoete phase.
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Elevated levels of E. coli concentration in a watershed can result from inputs that occur in periodic
pulses or continuously (Ratajczak et al. 2010). For example, in SLO Creek rain events generate
pulsed inputs of E. coli from urban run-off (Chen and Chang 2014), while the pigeon population
inhabiting the tunnel through which the creek flows is expected to generate a more continuous
input. Our laboratory experiment simulated a pulsed input of E. coli, because the aquaria were filled
with water at the start of the experiment containing a high initial E. coli concentration, and the water
was not cycled with fresh bacteria-laden water during the experimental period. In this experimental
design, E. coli concentration declined in all the treatments, even the control, and the ammocoete
treatment demonstrated a filter-feeding effect by accelerating decline of E. coli concentration to
near-zero faster than the other treatments. What remains untested is whether ammocoetes can
maintain a depressed level of E. coli concentration in an environment with sustained input of E.
coli. Because such sustained levels of E. coli input are common in many impacted creeks (e.g.,
those coursing through urban areas or subjected to agricultural runoff), future research on this topic
is important for understanding the potential role of Pacific lamprey populations in supporting
watershed quality management.

We collected an insufficient number of ammocoetes to generate replicates of the high ammocoete
density treatment, thus data from that experiment was excluded from the statistical analysis.
Nonetheless, the single aquarium with the highest number of ammocoetes exhibited the fastest
rate of decline of E. coli concentration compared to any of the other treatments, including that with
low ammocoete density (Figure 2.2). This observation suggests that the filter-feeding effect of
ammocoetes scales with lamprey population density, which could be tested with an experiment
similar to ours but with greater replicates.

Finally, the real test of Pacific lamprey as water quality-enhancing ecosystem service providers will
come from controlled natural experiments conducted in watersheds. Research conducted in
impacted and control creeks, streams and rivers, and with varying ammocoete population densities,
will help quantify the practical effect of their filter-feeding on E. coli concentration and water quality.
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This study provides evidence that, during its larval stage, the Pacific lamprey reduces harmful
bacteria concentration, specifically E. coli, in an aquatic environment through filter feeding. This
finding indicates the potential for Pacific lamprey to promote water quality enhancement in natural
systems, creating an ecosystem service that is valuable both ecologically and socioeconomically.
These results have important implications for promoting the recovery and sustainable management
of Pacific lamprey populations, not just for achieving conservation goals for the species, but also
as a part of coastal watershed management for the benefit of ecological communities and people
who use and value healthy coastal watersheds throughout the Pacific lamprey’s native range.
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Table 1.1 eDNA sampling locations and sample processing information by the National
Genomics Center for Wildlife and Conservation. Site locations are referenced in Figures 3 and
4.

Stream

Site (letter code)

Upper San Luis
Obispo Creek
San Luis Obispo
Creek
Stenner Creek

Stagecoach (A)

35.279842 -120.664206

8/19/2019

5

N

Nacimiento Bridge (C) 35.324498 -120.675211

8/19/2019

4

N

Old Garden Creek

Old Garden Creek (D) 35.284360 -120.668702

8/19/2019

5

N

Stenner Creek

Santa Rosa Park (E) 35.290265 -120.666266

8/19/2019

5

N

Mission Plaza (B)

Latitude

Longitude

Collection Date Total Volume PCR Inhibition?
(L)
35.322884 -120.622879
8/17/2019
5
Y

See Canyon Creek

See Canyon (F)

35.194465 -120.713787

8/19/2019

5

N

Prefumo Creek

LOVR Bridge (G)

35.244864 -120.681769

8/19/2019

4

N

San Luis Obispo
Creek

Cuesta Park (H)

35.294147 -120.643030

8/20/2019

5

N

Table 1.2 Presence/absence results for each eDNA site by survey type. Electrofishing
surveys were conducted in 2019 by Reid and Goodman (2020), and redd surveys were
conducted in 2019 by California Department of Fish and Wildlife (In Prep). (*) indicates no prior
information.
Stream

Site (letter code)

eDNA Survey eFishing Survey

Redd Survey

Upper San Luis Obispo Creek Stagecoach (A)

N

N

*

San Luis Obispo Creek

Mission Plaza (B)

Y

Y

Y

Stenner Creek

Nacimiento Bridge (C)

N

N

*

Old Garden Creek

Old Garden Creek (D)

N

*

*

Stenner Creek

Santa Rosa Park (E)

Y

Y

*

See Canyon Creek

See Canyon Creek (F)

N

N

*

Prefumo Creek

LOVR (G)

N

N

*

San Luis Obispo Creek

Cuesta Park (H)

Y

Y

*
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Table 2.1 Aquarium identity, number of fish, and total wet biomass for each replicate for
each treatment.

Treatment

Aquarium

# of Fish

Total tank
Biomass (g)

Ammocoete

1A

20

15.69

2A

20

19.19

3A

20

20.58

7A

20

21.58

Ammocoete High

10A

57

40.05

Macropthalmia

1M

20

36.99

2M

20

21.15

4C

0

-

5C

0

-

6C

0

-

8C

0

-

9C

0

-

Control
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Table 2.2: Results of one factor repeated measures ANOVA of E. coli concentration (MPN)
using unstructured covariance structure from SAS Proc Mixed (SAS Institute 2016). Note
that the High Ammocoete treatment was not included in the statistical analysis.

Effect

Degrees of
Freedom

F-value

P-value

Treatment

2

6.38

0.0221

Day

4

316.45

<0.0001

Treatment*Day

8

14.03

0.0006

Table 2.3: Comparisons of effect between treatments by day on E. coli concentration (MPN
using the PDIFF t-test option in SAS Proc Mixed (SAS Institute 2016). Values indicate
standard error and probability of t-value (significant results, p<.0033, given Bonferroni correction,
are highlighted in bold). The high ammocoete treatment was not included in the statistical
analysis.

Comparison

Day 1

Day 2

Day 3

Day 4

Day 5

Control vs
Ammocoete

13734
(p=0.3734)

114735
(p=0.0002)

38457
(p=0.7362)

7907
(p=0.1460)

3784
(p=0.1233)

Macropthalmia vs
Ammocoete

0
(p=1.0000)

157630
(p=0.0001)

44882
(p=0.6586)

13841
(p=0.0605)

8585
(p=0.0164)

Control vs
Macropthalmia

13734
(p=0.47140

43255
(p=0.0897)

6425
(p=0.8502)

5936
(p=0.3608)

4801
(p=0.1179)
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Figure 1.1 San Luis Obispo Creek watershed, including six major tributary basins, that
encompass the study domain.
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Figure 1.2 San Luis Obispo Creek watershed with Pacific lamprey distribution. Data from a)
redd surveys by the California Department of Fish and Wildlife (CFDW, 2019) and b) eFishing
surveys by Reid and Goodman (2020).
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Figure 1.3 eDNA sampling sites. A) San Luis Obispo Creek - Stagecoach Drive, B) San Luis
Obispo - Mission Plaza, C) Stenner Creek - Naciemento Bridge, D) Old Garden Creek, E)
Stenner Creek - Santa Rosa Park, F) See Canyon Creek, G) Prefumo Creek – Los Osos Valley
Road Bridge, H) San Luis Obispo Creek - Cuesta Park. All sites referenced by letter in Fig. 1.4.
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Figure 1.4 Locations and results of eDNA surveys overlayed on map of expected Pacific
lamprey distribution. Based on information synthesized from previous redd and eFishing
surveys described in Fig. 2 and Table 2. Letters A-H marking sampling sites correspond with
panels in Fig. 1.3.
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Figure 2.1: E. coli concentration in each replicate aquaria for each treatment over the 5-day
study period. The Ammocoete High treatment was not included in the statistical analysis.
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Figure 2.2: Mean +/- Standard Error E. coli concentration among replicate aquaria for each
treatment over the 5-day study period. On day two, the ammocoete treatment had a
significantly lower viable E. coli concentration than to the macropthalmia and control treatments
(p < 0.0033). Note, the Ammocoete High treatment was not included in the statistical analysis.
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